Pathogenic mutations in A-type nuclear lamins cause dilated cardiomyopathy, which is postulated to 22 result from dysregulated gene expression due to changes in chromatin organization into active and 23 inactive compartments. To test this, we performed genome-wide chromosome conformation analyses 24
To investigate the role of chromatin dynamics in cardiac laminopathy, we took advantage of hiPSCs 155 bearing a heterozygous nonsense mutation in LMNA predicted to cause premature truncation of both 156 lamin A and lamin C splicing isoforms (c.672C>T, resulting in p.Arg225*, which we will refer to as R225X; 157 It is well established that variability among hiPSC lines can profoundly influence both molecular and 164 cellular phenotypes (Ortmann and Vallier, 2017), which is particularly evident when assessing the 165 complex electrophysiology and contractile properties of hiPSC-CMs (Sala et al., 2017) . Thus, we decided 166 to generate isogenic control hiPSCs by correcting the R225X mutation back to the wild-type allele, a 167 strategy currently considered the gold standard to determine the association between genotype and 168 phenotype in hiPSC-CMs (Bellin et al., 2013; Kodo et al., 2016; Mosqueira et al., 2018) . By leveraging 169 existing methods (Yusa, 2013), we designed a two-step scarless gene editing strategy relying on 170 CRISPR/Cas9-facilitated homologous recombination of a targeting vector containing the wild-type allele 171 in the 3' homology arm, and an excisable piggyBac drug resistance cassette ( Fig. S1A-B ). To control for 172 10 upregulation in mutant cells was significantly associated with: (1) focal adhesion, MAPK, and TGFß 284 pathways; (2) transcriptional activation, positive regulation of cardiac differentiation, and inhibition of 285 apoptosis; (3) non-cardiac lineage expression (such as fibroblast and smooth muscle; Fig. 4D and Table  286 S2). Notable examples of genes within these categories include: (1) PDGFA, EGF, and GDF7; (2) TBX3, 287 TBX20, and HAND1, (3) CTGF/CCN2, MYH9, and ACTA2. In contrast, downregulated genes were 288 enriched in cardiac transcripts and factors involved in cardiomyopathy and PI3K pathways, such as 289 TNNT3, TNNI3, SGCA, NGFR, and PDGFD ( Fig. 4D and Table S2 ). We also compared these RNA-seq 290 data with those we recently obtained from human embryonic stem cells (hESCs) profiled at different time 291 points of cardiac differentiation . Linear dimensionality reduction by principal 292 component analysis showed that both mutant and corrected hiPSC-CMs clustered closely to hESC-CMs 293 ( Fig. 4E ). This indicated that despite dysregulation of >300 genes, mutant hiPSC-CMs were not globally 294 developmentally delayed from a transcriptional standpoint. These data suggest that lamin A/C 295 haploinsufficiency in developing hiPSC-CMs leads to dysregulation of multiple signaling pathways, in 296 agreement with earlier findings from mouse models ( Having established that lamin A/C haploinsufficiency results in marked changes in both gene expression 303 and cellular physiology in developing hiPSC-CMs, we tested whether some of these phenotypes could 304 be explained by changes in chromatin topology. In order to explore this aspect at a genome-wide level, 305 we took advantage of in situ DNase Hi-C to capture all pairwise interactions between any two genomic 306 based on size and gene density. 319 320 We then analyzed the separation of chromatin domains into the active (A) or inactive (B) compartment. 321
For this, we computed the first principal component (PC1) from the contact matrix using bins of 500 Kb 322 (Table S4 ), a well-established method to determine chromatin compartments based on their preferential 323 association (Imakaev et al., 2012; Lieberman-Aiden et al., 2009). In agreement with our previous 324 observations in hESC-CMs , trans interactions between chromatin domains favored 325 A-A compartments, and this was not affected by lamin A/C haploinsufficiency (Fig. S3B ). In cis, mutant 326 cells showed stronger interactions between A-A compartments ( Fig. 5D and Fig. S3B ), particularly due 327 to increased short-range contacts within 0.5-1 Mb (Fig. 5E ). In contrast, interactions between heterotypic 328 regions (A-B) were reduced in mutant cells ( Fig. 5D and Fig. S3B ), particularly for long-range contacts 329 >10 Mb (Fig. 5E ). Collectively, lamin A/C haploinsufficiency reinforces the separation between the active 330 and inactive chromatin compartments. 331 332
Incomplete transitions from the active to inactive chromatin compartment in lamin A/C 333 haploinsufficient hiPSC-CMs 334
To assess the effect of lamin A/C haploinsufficiency on chromatin compartmentalization, we identified 335 genomic bins with significantly different A/B compartment scores and switching from active to inactive or 336 vice versa between at least two conditions (Table S4 ). We noticed that the vast majority of compartment 337 transitions were observed for mutant hiPSC-CMs versus each corrected control ( Fig. 6A ), and that B to 338 A inversions were more common than A to B ones (42 and 27, respectively; Table S4 ). We observed 339 that, 63% of A to B transitions in mutant cells involved the X chromosome, while B to A changes showed 340 a notable concentration on chromosome 19 but were otherwise evenly spread across 13 additional 341 chromosomes ( Fig. 6B, Fig. S4A , and Table S4 ). Overall, compartment changes involved approximately 342 1.2% of the genome, indicating that chromatin compartment dysregulation in mutant cells is not 343 widespread but is actually highly restricted. 344
345
To gain insight into the relationship between dysregulated regions and normal chromatin compartment 346 dynamics during cardiomyocyte differentiation, we integrated Hi-C data from mutant and corrected 347 hiPSC-CMs with those we previously generated at different time points throughout hESC-CM 348 differentiation . Linear dimensionality reduction of A/B compartment scores for all 349 samples confirmed that mutant hiPSC-CMs cluster separately from both corrected controls ( Fig. 6C ). 12 variance and ordered hESC samples based on their developmental progression), mutant cells were 352 mildly developmentally delayed from a chromatin compartmentalization standpoint ( Fig. 6C ). Accordingly, 353
we observed a strong and significant enrichment for domains that normally transition from A to B during 354 cardiac differentiation but remain in A in mutant cells ( Fig. 6D) . Notable examples of such behavior 355 involved two 0.5 and 2.5 Mb-long portions of chromosome 19 (corresponding to 19p13.13 and 19q13.33, 356 respectively), and a 1 Mb region on chromosome 5 (5q31.3; Fig. 6B and 6E ). We also observed a weaker 357 enrichment for the opposite dynamic (impaired B to A transitions; Fig. 6D ), but we note that this analysis 358 was limited to autosomes since compartment transitions of the X chromosome could not be assessed in 359 female hESC-CMs due to the confounding factor of X inactivation . In sum, lamin A/C 360 haploinsufficiency in developing hiPSC-CMs results in highly selective dysregulation of chromatin 361 compartmentalization, particularly for a handful of genomic hotspots that fail to transition from the active 362 to inactive compartment. We will refer to these as lamin A/C-sensitive B domains. 363
364

Dysregulation of lamin A/C-sensitive B domains leads to ectopic expression of non-cardiac genes 365
We then assessed the functional consequences of compartment dysregulation due to lamin A/C 366 haploinsufficiency. Strikingly, we observed almost no overlap between genes within lamin A/C-sensitive 367 domains and genes significantly and strongly up-or downregulated in mutant cells ( Fig. S4B ). 368 Accordingly, there were no significant changes in the average expression of genes found in lamin A/C-369 sensitive domains in mutant versus corrected controls ( Fig. 7A ). Nevertheless, we noticed a small number 370 of genes located in lamin A/C-sensitive B domains that were expressed at very low levels in corrected 371 hiPSC-CMs and upregulated in mutant cells (29 genes with an average fold-change > 2; Fig Table S5 ). 375
376
Of note, most genes in the group just described had not been determined as differentially expressed 377 based on RNA-seq analysis using Cufflinks since lowly-expressed genes are subject to strong negative 378 penalization when calculating the q score due to the challenges in robustly assessing their expression 379 (Trapnell et al., 2012 (Trapnell et al., , 2010 . This explains their absence in the lists used for the overlap shown in 380
Supplemental Figure 4B . To increase our confidence with these results we validated the expression of 381 several genes within this class by RT-qPCR. Moreover, to exclude that such gene expression differences 382 were simply explained by a differentiation delay in mutant hiPSC-CMs, we analyzed hiPSC-CMs matured 383 either by longer 2D culture or by the generation of 3D-EHTs. Remarkably, nearly all genes tested showed confirmed that impaired transition to the B compartment of selected lamin A/C-sensitive domains leads 386 to upregulation of multiple non-cardiac genes that would otherwise be silenced during cardiomyocyte 387 differentiation. 388 389 Ectopic P/Q-type and potentiated L-type calcium currents contribute to electrophysiological 390
abnormalities of lamin A/C haploinsufficient hiPSC-CMs 391
Genes found in lamin A/C-sensitive B domains and upregulated in mutant hiPSC-CMs included multiple 392 factors with either unknown function, such as the putative uncharacterized protein C19orf81, or with 393 established roles in the nervous system but not normally expressed in the heart ( CACNA1A appeared particularly interesting given the prolonged action potential duration observed in 401 mutant hiPSC-CM populations. Indeed, the depolarizing I Ca,P and I Ca,Q currents resulting from the protein 402 product of CACNA1A are known to be strong and long-lasting, even more so than I Ca,L currents typical of 403 hiPSC-CMs (Catterall et al., 2005; Nimmrich and Gross, 2012). Thus, we tested whether I Ca,P and I Ca,Q 404 currents contributed to the electrophysiological abnormalities of mutant cells by inhibiting such currents 405 using two structurally unrelated highly-specific inhibitors derived from spider venoms: ω-Conotoxin MVIIC 406
and ω-Agatoxin TK (Adams et al., 1993; McDonough et al., 1996; Nimmrich and Gross, 2012) . MEA 407 experiments demonstrated that both toxins led to a modest but significant decrease in the FPDc in 408 monolayers of mutant hiPSC-CMs, while they did not affect their depolarization amplitude ( Fig. 8A-B) . 409
On the other hand, neither toxin had a significant effect on the FPDc in corrected controls ( Fig. 8A-B ), 410 confirming that I Ca,P and I Ca,Q currents do not play a role in cardiac depolarization in physiological 411 conditions, and establishing that the toxins had no overt non-specific effects on hiPSC-CM 412 electrophysiology at the doses tested. These experiments indicated that ectopic expression of CACNA1A 413 in mutant cells and the resulting P/Q-type calcium currents contribute to the prolonged depolarization 414 observed in lamin A/C haploinsufficient hiPSC-CMs. 415
416
As mentioned above, we also observed CACNA1C upregulation and KCNQ1 downregulation in mutant 417 hiPSC-CMs at day 14 of differentiation ( Fig. 4A ). RT-qPCR analyses in hiPSC-CMs matured for a longer 418 period in 2D monolayers or in 3D-EHTs indicated that KCNQ1 downregulation was specific to early 419 hiPSC-CMs ( Fig. 8C-D) . Of note, CACNA1C is a gene always found in the A chromatin compartment 421 throughout hiPSC-CM differentiation , and such localization was unaltered in mutant 422 hiPSC-CMs (Table S4) 
Chromatin architecture changes in lamin A/C haploinsufficient cardiomyocytes 479
Our study's primary goal was to study the pathogenesis of cardiac laminopathy. Nevertheless, by 480
integrating Hi-C results from lamin A/C haploinsufficient and control hiPSC-CMs with our previous Hi-C 481 dataset at different stages of human cardiogenesis , we were also able to shed light 482 on the physiological roles of lamin A/C during cardiac specification. We observed that lamin A/C 483 haploinsufficiency reduces inter-chromosomal interactions, reinforces the separation between small and 484 large chromosomes, increases the long-range segregation of A and B chromatin compartments, and 485 strengthens short-range homotypic interactions within the A compartment. Intriguingly, most of these 486 effects antagonize the chromatin organization dynamics that normally occur during human cardiogenesis 487 . These data demonstrate that lamin A/C is an important mediator of physiological 488 changes in nuclear architecture during differentiation, in agreement with its gradual upregulation as cells 489 exit the pluripotent state and commit to the cardiac lineage. 490
491
The major hypothesis going into this study was that lamin A/C haploinsufficiency would induce 492 widespread gene dysregulation due to inappropriate A/B compartmentalization, the so-called "chromatin 493 hypothesis" for the pathogenesis of cardiac laminopathy (Worman and Courvalin, 2004; Cattin et al., 494 2013). This hypothesis was not robustly supported. RNA-seq analysis showed that only ~325 genes were 495 up-or down-regulated in laminopathic cardiomyocytes. Analysis of A/B compartment changes revealed 496 that only ~1.2% of the genome changed compartments in LMNA mutants, and these aberrations were 497 concentrated in hotspots on chromosomes 5 and 19. Surprisingly, the overlap between strong 498 dysregulation in gene expression and compartment aberrations was minimal (less than 2%; Fig. S4B ). 499
As discussed below, the CACNA1A gene is ectopically expressed and resides in an A compartment that 500 fails to silence during differentiation. Thus, while examples can be found that may contribute to disease, 501 most of the transcriptional dysregulation appears to result from factors other than errors in 502 compartmentalization. Overall, these findings do not support the "chromatin hypothesis" for the 503 pathogenesis of cardiac laminopathy. On the other hand, our results agree with previous findings from 504 Emerging evidence suggests that nonsense/haploinsufficency mutations in LMNA may have a different 543 pathogenesis than missense mutations. We have recently collaborated to study a previously described 544 heterozygous K219T missense mutation in LMNA (Roncarati et al., 2013) . Interestingly, this mutation 545 leads to distinct electrophysiological abnormalities, namely reduced peak sodium current and diminished 546 conduction velocity, which are caused by downregulation of SCN5A as result of closer proximity to the 547 nuclear lamina and increased H3K27me3 (Salvarani, Crasto et al., manuscript in preparation). In the 548 current study we have not observed a similar reduction of SCN5A expression in lamin A/C 549 haploinsufficient hiPSC-CMs ( Fig. S2D ). Furthermore, our Hi-C data indicate that the SCN5A gene is 550 found in a chromatin domain which is always part of the A compartment both throughout normal cardiac 551 differentiation and in lamin A/C haploinsufficient hiPSC-CMs (Table S4 ). These 552 observations prompt the intriguing hypothesis that haploinsufficient and missense mutations in LMNA 553 might lead to cardiac laminopathy via distinct molecular mechanisms. 554
555
In conclusion, our work establishes that while lamin A/C haploinsufficient hiPSC-CMs show marked 556 alterations in electrophysiology, contractility, and chromosomal topology, phenotypic changes cannot, for 557 the most part, be directly explained by alterations in chromatin compartmentalization. With this in mind, 558 it is important to mention that this study does not come without limitations. We acknowledge that modeling 559 diseases of the adult heart in immature hiPSC-CMs suffers from inherent drawbacks. It is possible that 560 functional chromatin dysregulation could be more important in adult myocytes subjected to high levels of 561 mechanical stress in vivo. Addressing this aspect will require substantial advances in our ability to mature 562 hiPSC-CMs and/or improvements of genome-wide chromatin conformation capture technologies in order 563 to reliably measure chromatin architecture from small numbers of myocytes isolated from precious 564 primary samples. Furthermore, future studies will be required to test whether other types of mutations 565 (such as missense changes like the aforementioned K219T mutation) result in more substantial genome-566 wide alterations in chromatin topology than what was observed following lamin A/C haploinsufficiency. 567
All considered, our work provides a stepping stone towards understanding the relevance of the 568 "chromatin hypothesis" in the pathogenesis of cardiac laminopathy, while it also sheds light on the 569 physiological roles of A-type lamins in the chromatin dynamics that accompany human cardiogenesis. For hiPSC-CM generation, cells were passaged as single cells with Versene, and seeded at a density of 582 2.5 x 10 5 per well of a 12-well plate pre-coated with 2 µg/cm 2 rhLaminin521 (denoted day -2). After 24 hr 583 media was changed to E8 with 1 µM CHIR-99021 (Cayman), denoted day -1. On day 0 media was 584 changed to RBA media (RPMI 1640 with glutamine [ThermoFisher] supplemented with 500 µg/ml BSA 585 and 213 µg/ml ascorbic acid [both from Sigma-Aldrich]) supplemented with 4 µM CHIR-99021. At day 2, 586 media was changed to RBA with 2 µM WNT-C59 (Selleckchem). On day 4, media was changed to RBA. 587
On day 6, media was changed to RPMI-B27 media (RPMI with 1x B-27 supplement, both from Thermo Fisher), with further media changes every other day. Beating was first observed between day 7 and day 589 9, and cells were cultured until day 14 before collection (unless otherwise indicated). hiPSC-CMs to be 590 used for functional assays of cardiac electrophysiology or contractility were preconditioned with a 30 min 591 heat-shock at 42º on day 13, and cryopreserved at day 14 following single-cell dissociation using 0.25% 592 w/vol Trypsin (ThermoFisher) in Versene. 593 594 Frozen hiPSC-CM stocks were thawed and seeded at a density of 2 x 10 5 cells/cm 2 onto rhLamin521 pre-595 coated dishes (2 µg/ml) in RPMI-B27, which was supplemented with 10 µM Y-27632 and 5% FBS 596 (ThermoFisher) for the first 16 hr. hiPSC-CMs were then cultured in RPMI-B27 with media changes every 597 other day. After one week (day 21 of differentiation), hiPSC-CMs were dissociated to single cell using 598 0.05% Trypsin-EDTA (ThermoFisher), and seeded at the desired density the downstream assays. The mutation was corrected into the wild-type allele by adapting a previously described two-step method 612 for scarless genome editing relying on CRISPR/Cas9-facilitated homologous recombination of a targeting 613 vector containing the wild-type allele in one homology arm, and an excisable piggyBac drug resistance 614 cassette ( Fig. S1A ; Yusa, 2013; Yusa et al., 2011). Since the c.672C>T mutation lies close to the 3' splice 615 acceptor site of exon 4 ( Fig. S1B ), we reasoned that any intergenic mutation could have poorly 616 predictable effects on LMNA splicing. To avoid any kind of genomic scar, we identified a suitable 617 endogenous "TTAA" site in the third intron of LMNA and located 151 bp upstream to the c.672C>T 618 mutation in exon 4 ( Fig. S1B ). Further, we designed single guide RNAs (sgRNAs) spanning such TTAA 619 site, so that only the endogenous allele could be cut by CRISPR/Cas9. This strategy allowed us to avoid 620 inserting any additional mutation onto one of homology arms in the targeting vector (such as those score higher than 75%, indicating a very high in-silico predicted specificity (sgRNA 1: 5'-623 CTACCAGCCCCACTTTAACC-'3 and sgRNA2 5'-TCAGCTCCCAGGTTAAAGTG-3', sequences without 624 PAM site). To further decrease the risk of CRISPR/Cas9 off-target activity, we adopted the enhanced 625 specificity Streptococcus Pyogenes Cas9 (eSpCas9) developed by Dr. Feng Zhang and colleagues 626 (Slaymaker et al., 2015) . The sgRNA was cloned into the eSpCas9(1.1) plasmid (Addgene #71784) using 627 a standard method based on restriction digestion with BbsI followed by ligation of a double-stranded oligo 628 (Ran et al., 2013). The resulting plasmids were named eSpCas9(1.1)_LMNA_sgRNA1 and 629 eSpCas9(1.1)_LMNA_sgRNA2. The sequences were confirmed by Sanger sequencing, and the sgRNAs 630 were validated to have a high on-target activity as measured by T7E1 assay in HEK293 cells (which was 631 comparable to that observed using wild-type SpCas9). 632
633
The LMNA targeting vector was constructed starting from the MV-PGK-Puro-TK_SGK-005 plasmid 634 (Transposagen), which contains a piggyBac transposon encoding for a PGK-EM7 promoter-driven dual 635 positive/negative selection cassette (puromycin N-acetlytransferase, ensuring resistance to puromycin, 636 and truncated Herpes simplex virus thymidine kinase, conferring sensitivity to ganciclovir or its analog 637 fialuridine). First, the piggyBac cassette was excised using NsiI and BsiWI and isolated. Then, a 638 backbone with ends suitable for the subsequent overlap-based assembly was obtained from this same 639 plasmid after removal of the piggyBac cassette using NotI and AscI. Finally, these two fragments were 640 re-assembled together with two PCR products representing the 5' and 3' homology arms to the LMNA 641 gene. The two homology arms were approximately 1 Kb long, and were amplified from genomic DNA of 642 RUES2 human embryonic stem cells (hESCs) using primers: 5'-GGTCCCGGCATCCGATACCCAATG-643 GCGCGCCCGTACTTCAGGCTTCAGCAGT-3' and 5'-AAAGAGAGAGCAATATTTCAAGAATGCATG-644 CGTCAATTTTACGCAGACTATCTTTCTAGGGTTAACCTGGGAGCTGAGTGC-3' (for the 5' homology 645 arm); 5'-AATTTTACGCATGATTATCTTTAACGTACGTCACAATATGATTATCTTTCTAGGGTTAAAGT-646 GGGGCTGGTAGTG-3' and 5'-CGAATGCGTCGAGATATTGGGTCGCGGCCGCCCTGTCACAAATAG-647 CACAGCC-3' (for the 3' homology arm), and Q5 High-Fidelity DNA Polymerase (New England Biolabs) 648 according to the manufacturer's instructions. The four-way assembly reaction was performed using 649 NEBuilder HiFi DNA Assembly Kit (New England Biolabs) according to the manufacturer's instructions, 650 and the resulting targeting plasmid was named pbLMNA_R225R. Sanger sequencing confirmed that the 651 3' homology arm contained the wild-type R225R allele, while the remaining genomic sequence of both 652 homology arms was identical to that of the R225X hiPSC line as no SNPs were identified. The cloning 653 strategy was designed so that during PCR the "TTAA" site was inserted both at the end of the 5' homology be excised using transposase while leaving behind a single "TTAA" matching the original genomic 656 sequence ( Fig. S1A) . 657 658 For the first gene targeting step, 7.5 x 10 4 hiPSCs were seeded in each well of 6-well plate and 659 immediately transfected using GeneJuice (Millipore) according to the manufacturer's instructions. Briefly, 660 for each well 3 µl of GeneJuice was mixed with 100 µl of Opti-MEM (ThermoFisher Scientific) and 661 incubated for 5 min at room temperature. 1 µg of DNA was added to the transfection solution (equally 662 divided between pbLMNA_R225R and either eSpCas9(1.1)_LMNA_sgRNA1 or 663 eSpCas9(1.1)_LMNA_sgRNA2), which was further incubated for 15 min at room temperature and finally 664 added to the cell suspension. After 16 hr from transfection, cells were washed with DPBS and cultured 665 for another 3 days. Gene targeted cells were selected by adding 1 µg/ml puromycin to the media for 4 666 days, after which the dose was reduced to 0.5 µg/ml. 10 µM Y-27362 was added for the first 48 hr of 667 selection. Puromycin was then maintained at all times until the second gene targeting step to prevent 668 silencing of the piggyBac transgene. After 7 days from the transfection, 10-15 individual and well-669 separated colonies could be identified in each well of 6-well plate, indicating that they likely arose from 670 clonal expansion of a single gene-edited hiPSC. Colonies were manually picked following gentle 671 treatment with Versene to facilitate their detachment from the matrix, and individually expanded as 672 individual lines. Clones were screened by genomic PCR using LongAmp Taq Polymerase (New England 673 Biolabs) according to manufacturer's instructions, except that all reactions were performed using an 674 annealing temperature of 63 °C and an extension time of 2 min. The primer sequences are reported in 675 Supplemental Table 6 , and the genotyping strategies are illustrated in Supplemental Figure 1 . Briefly, 676 junctional PCRs for both the 5' and 3' integration site (5'-and 3'-INT) were used to confirm site-specific 677 integration, while locus PCRs were used to monitor the presence of residual wild-type alleles. This 678 allowed to discriminate homozygous clones from heterozygous ones or mixed cell populations. Finally, 679
To remove the piggyBac and restore the LMNA locus to its original form, pb R225R g1 and pb R225R g2 689 hiPSCs were transfected as described above but using 1 µg of excision-only piggyBac transposase 690 expression vector (PBx; Transposagen). Puromycin was removed from the media the day before 691 transfection, and subsequently omitted. After 3 days from the transfection, the populations were 692 passaged as single cells, and 1 x 10 4 cells were seeded per 10 cm plate in the presence of 10 µM Y-693 27362. On the next day, negative selection of cells still possessing the piggyBac cassette was initiated 694 by adding 200 nM fialuridine. 10 µM Y-27362 was added for the subsequent 48 hr. Selection was 695 complete after 5 days, at which point 10-50 individual and well-separated colonies could be identified in 696 each 10 cm dish. Individual colonies were isolated, clonally expanded, and screened by genomic PCR 697 as described above to identify those with homozygous reconstitution of the wild-type allele (5 out of 30 698 and 6 out of 39 for sgRNA 1 and sgRNA2, respectively). These were further characterized by sequencing 699 to ensure that the sequence surrounding the "TTAA" site was faithfully reconstituted upon piggyBac 700 excision (confirmed in a subset of 4 lines, 2 for each sgRNA; Fig Cells were cultured in RPMI-B27 with media changes every other day. After 9 days (day 30 of 716 differentiation), cells were prepared for MEA analysis by changing the culture media to Tyrode's buffer 717 (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 0.33 mM NaH 2 PO 4 , 5 mM D-glucose, and 10 718 mM HEPES; pH adjusted to 7.36) pre-warmed at 37 ºC. After 10 min of equilibration in Tyrode's buffer 719 at 37 ºC, MEA data were acquired for 5 min using the Maestro MEA system (Axion Biosystems) using 720 standard recording settings for spontaneous cardiac field potentials. Data acquisition and automated data and record from 1 to 25 000 Hz, with a low-pass digital filter of 2 kHz for noise reduction. Automated data 723 analysis was focused on the 30 most stable beats within the recording period. The beat detection 724 threshold was 100 µV, and the field potential duration (FPD) detection utilized an inflection search 725 algorithm with the threshold set at 1.5 × noise to detect the T wave. The FPD was corrected for the beat 726 250-400 nm), the film was peeled away from the silicon master, creating a PUA mold. A polyurethane-746 based prepolymer (NOA76, Norland Products Inc.) was then drop dispensed onto standard glass 747 coverslips and the PUA mold was placed on top. The mold was then exposed to UV radiation for curing. 748
After curing, the PUA mold was peeled off, leaving behind an ANFS for cell culture. Dishes were sterilized 749 and activated by gas plasma treatment before coating with rhLaminin521. After 9 days, cells were 750 assayed by whole-cell patch clamp on the 37 °C heated stage of an inverted DIC microscope (Nikon) 751 connected to an EPC10 patch clamp amplifier and computer running Patchmaster software version 752 2x73.2 (HEKA). Cells on patterned coverslips were loaded onto the stage and bathed in Tyrode's buffer. 753
An intracellular recording solution (120 mM L-aspartic acid, 20 mM KCl, 5 mM NaCl, 1 mM MgCl2, 3 mM nulled before formation of a gigaΩ seal and fast and slow capacitance was compensated for in all 757 recordings. Membrane potentials were corrected by subtraction of a 15 mV liquid junction potential 758 calculated by the HEKA software. Current injection was controlled by the software and used to hold 759 patched cells at an artificial resting membrane potential of -70 mV. Cells that required more than 100 pA 760 of current to achieve a -70 mV resting membrane potential were excluded from analysis as excessive 761 application of current was taken as indication of poor patch quality and/or membrane integrity. To 762 generate a single action potential, a 5 ms depolarizing current pulse of 50 nA was then applied and the 763 resulting voltage change recorded in current clamp mode. Action potential rise times were calculated as 764 the time taken to reach 90% maximum action potential amplitude from 10% of the maximum amplitude. 765
The exponential time constant (τ) was calculated from 90% to 10% repolarization of the action potential. 766
Action potential duration was calculated as the time delay between 10% of the maximum depolarization 767 and 90% repolarization from the maximum action potential amplitude. Gap-free recordings of 768 spontaneous cardiomyocyte activity were then collected for 30 seconds with 0 pA current injection to 769 provide a measure of the maximum diastolic membrane potential held by the cell without current input. 770 771
Assessment of intracellular calcium fluxes 772
Calcium fluxes were assessed in hiPSC-CM monolayers at day 30 of differentiation. hiPSC-CMs at day 773 21 of differentiation were seeded at a density of 5 x 10 5 cells per well of 6-well plate pre-coated with 774 rhLaminin521 (2 µg/ml). After 9 days, cells were prepared for imaging by incubation for 30 min at 37 ºC 775 with 1 µM Fluro-4, AM (ThermoFisher) diluted in culture media. Cells were rinsed in fresh media for 30 776 min at 37 ºC, and equilibrated in Tyrode's buffer pre-warmed at 37 ºC for 10 min. hiPSC-CMs were paced 777 at 1 Hz using a C-Dish for 6-well plate connected to a C-Pace EM cell stimulator (both from IonOptix) 778 Contraction correlation quantification (CCQ) analysis was performed on hiPSC-CM monolayers at day 789 30 of differentiation. hiPSC-CMs at day 21 of differentiation were seeded at a density of 1 x 10 6 cells per 790 well of 6-well plate pre-coated with rhLaminin521 (2 µg/ml). After 9 days, cells were paced at 1 Hz as just 791 described for the measurement of calcium fluxes. Bright-field videos of at least ten contractions in multiple 792 random field of views were recorded at 30 fps using a Nikon TS100 microscope with a 20x-objective and 793 1x coupler between the microscope and a Canon VIXIA HF S20 camera. Videos were analyzed by CCQ 794 using a custom Matlab script, as previously described ( the post and the bottom of the casting trough). Each tissue consisted of a 97 μL fibrinogen-media solution cells (ATCC), which was chilled and mixed with 3 μL of cold thrombin (at 100 U/mL, Sigma-Aldrich) just 823 before pipetting into the agarose casting troughs. The 3D-EHT mixtures were incubated for 90 min at 37 824 °C, at which point the fibrin gels were sufficiently polymerized around the posts to be lubricated in media 825 and transferred from the casting troughs into a 24-well plate with fresh 3D-EHT media (RPMI-B-27 with 826 penicillin/streptomycin, and 5 mg/mL aminocaproic acid, Sigma-Aldrich). 3D-EHTs were supplied with 827 2.5 mL/well of fresh 3D-EHT media three times per week. 828
829
In situ force measurements were performed after 4 weeks from 3D-EHT casting. In order to pace 3D-830
EHTs, post racks were transferred to a custom-built 24-well plate with carbon electrodes connected 831 through an electrical stimulator (Astro Med Grass Stimulator, Model S88X) to provide biphasic field 832 stimulation (5 V/cm for 20 ms durations) during imaging (Leonard et al., 2018). 3D-EHTs were 833 equilibrated in Tyrode's buffer (containing 1.8 mM Ca 2+ ) pre-heated to 37 °C and paced at 1 Hz, which 834 was greater than the average spontaneous twitch frequency of the tissues. Videos of at least ten 835 contractions were recorded inside a 37 °C heated chamber using a monochrome CMOS camera 836 using the ∆Ct method as 2 (Ct gene -Ct housekeeping) . Where indicated, gene expression was further normalized 858 to a control condition (which was set at the arbitrary value of 1). Primers were designed using PrimerBlast, 859 and confirmed to amplify a single product. A complete list can be found in Supplemental Table 7 . Membranes were washed three times in PBST for 10 minutes at room temperature, incubated for 1 hr at 892 room temperature with species-appropriate HRP-conjugated secondary antibodies (ThermoFisher) 893 diluted 1:10,000 in blocking buffer, and washed three times in PBST for 10 minutes at room temperature. 894 (PEG) in a 100 µl reaction incubated at 16 °C. The reaction was stopped with 5 µL of 10% SDS, and 946 nuclei were washed twice with AMPure buffer (20% PEG in 2.5 M NaCl) followed by 2 washes with 80% 947 ethanol to remove un-ligated adapter. Nuclei were then treated for 1 hr at 37 °C with 100 U of T4 PNK in 948 a 100 µL reaction to phosphorylate the adapters. Proximity ligation of DNA ends was performed for 4 949 hours at RT using 30 U of T4 DNA ligase in a 1 mL reaction maintained in gentle agitation. Nuclei were 950 resuspended in 1x NEBuffer 2 (New England Biolabs) with 1% SDS, and digested with 800 µg of 951 Proteinase K overnight at 62 °C. DNA was precipitated by adding 60 µg glycogen, 50 µL 3M Na-acetate 952 (ph5.2) and 500 µL isopropanol followed by incubation for 2 hours at -80 °C and centrifugation at 16,000 953 g for 30 min at 4 °C. DNA was resuspended in 100 µL water and purified with 100 µL AMPure beads 954 according to the manufacturer's instructions, and resuspended in 100 µL elution buffer (EB; 10 mM Tris-955 HCl pH 8.5). Biotin pull-down was performed on the purified DNA to isolate ligation products containing NaCl, 0.05% Tween-20), and twice with EB. DNA was then treated on the beads to perform end-repair 959 (200 µL reaction with the Fast DNA End Repair Kit for 10 min at 18 °C) and dA- Tailing (50 µL reaction compartmentalization, respectively. Saddle plots of inter-compartment interaction enrichment were 985 generated by assigning each genomic bin to its corresponding percentile value based on PC1, and 986 dividing the genome into 10 deciles. Each interaction was normalized to the average score at the 987 corresponding distance (for cis interactions) or to the average of all contacts (for trans interactions), and 988 assigned to a pair of deciles based on the PC1 scores of the two bins. The data was plotted in heatmaps 989 representing the log 2 average value for pairs of deciles, while the change between mutant and corrected 990 hiPSC-CMs is the log 2 value of the difference in such values. To calculate the interaction probability at 991 varying genomic distances based on compartmentalization, each interaction was assigned to A-A, B-B, 992 or A-B based on the pairs of bins involved, and then the average interaction score for a given distance 993 was normalized to the average interaction score for all pairs of contacts at that distance. The data was 994 plotted on a logarithmic scale and loess-smoothed using the R function "geom_smooth". Visualization of 995 sample similarity by PC1 scores was performed with the R function "prcomp". Gene tracks were 996 generated using IGV (Thorvaldsdóttir et 9 11 10 12 13 14 15 16 17 18 20 19 22 21  1 2 3 4 5 6 7 8 9 11 10 12 13 14 15 16 17 18 20 19 22 21  1  2  3  4  5  6  7  8  9  11  10  12  13  14  15  16  17  18  20  19  22  21 
